Since August 2000, we have recorded the total intensity of the geomagnetic field at the summit area of Kuchi-erabu-jima volcano, where phreatic eruptions have repeatedly occurred. A time series analysis has shown that the variations in the geomagnetic field since 2001 have a strong relationship to an increase in volcanic activity. These variations indicate thermal demagnetization of the subsurface around the presently active crater. The demagnetization source for the early variations, until summer 2002, was estimated at about 200 m below sea level. For the variations since 2003, the source was modeled on the basis of the expansion of a uniformly magnetized ellipsoid. The modeling result showed that the source is located at 300 m above sea level beneath the crater. We carried out an audio-frequency magnetotelluric survey with the aim of obtaining a relation between the demagnetization source and the shallow structure of the volcano. A two-dimensional inversion applied to the data detected two good conductors, a shallow thin one which is restricted to a region around the summit area, while the other extends over the edifice at depths between 200 and 800 m. These conductors are regarded as clay-rich layers with low permeability, which were assumed to be generated through hydrothermal alteration. The demagnetization source for the early variations was possibly located at the lower part of the deep conductor and the source after 2003 lies between the two conductors, where groundwater is considered to be abundant. Based on these results, as well as on seismological, geodetic, and geochemical information, we propose a heating process of the Kuchierabu-jima volcano. In the initial stage, high-temperature volcanic gases supplied from the deep-seated magma remained temporarily at the level around the lower part of the less permeable deep conductor since the ascent path had not yet been established. Then, when the pathway developed as a result of repeated earthquakes, it became possible for a massive flux of volcanic gases to ascend through the conductor. The high-temperature gases reached the aquifer located above the conductor and the heat was efficiently transported to the surrounding rocks through the groundwater. As a consequence, an abrupt increase of the gas flux and diffusion of the heat through the aquifer occurred and the high-temperature zone expanded. Since the high-temperature zone is located beneath another conductor, which acts as caprock, we assume that the energy of the phreatic explosion is accumulated there.
Introduction
tions depend on the speed of change of the physical conditions of the volcano and on the mechanism of 23 generation of anomalous magnetic fields. The timescale is generally longer than that of other mechanisms 24 if the mechanism is thermal remagnetization or demagnetization of igneous rocks. Furthermore, the am-25 plitude fluctuations strongly depend on the separation between the observation site and the source of the 26 variations, although they also depend on the rock type. In general, large amplitudes are observed at vol-27 canoes composed of basaltic rocks compared to volcanoes composed of andesitic or dacitic rocks. Tanaka 28 (1993) reported that a large amplitude of the variation (∼ 30 nT) was observed at Aso volcano by installing 29 magnetic stations in the vicinity of the presently active crater.
at monitoring the underground thermal state. It was hypothesized that if the temperature of the area in- Figure 3 shows the simple differences of the total intensities at five sites at Kuchi-erabu-jima from those
f (i) = t(i) + s(i) + r(i) + w(i)
The constraints applying to each component are as follows.
t(i) − 2t(i − 1) + t(i − 2) = u(i)
J−1
where u(i) and v(i) are uncertainties which obey Gaussian distributions with a mean of 0 and a variance τ 2
and τ 2 s , respectively. Furthermore, x j (i) is a given time series of the j-th reference. We commonly use three 106 components of the geomagnetic field observed at a reference station, and the data recorded at KNY were 107 used in this study. K and L denote the maximum number of data points at the reference station in the past 108 and the future, respectively. Observation noise w(i) is also assumed as a Gaussian with a mean of 0 and a 109 variance τ 2 o . The above equations were represented as a state-space model and were solved by applying a of decrease.
126
The variations at C1 and P3 appear to cease by early 2006, after which a tendency of slight increase is occurred, although these are temporary phenomena. The trend itself is not affected by these disturbances.
137
Larger residuals are also obtained for the first several hours of the data set, which is caused by the use of inaccurate initial values provided to the Kalman filter algorithm (Fujii and Kanda, 2008) . 
Model of demagnetization source

140
We modeled the magnetic source causing the volcanomagnetic variations presented in the previous 141 section (Fig. 4) under the assumption that these variations are entirely due to the demagnetization of rocks.
142
The total intensity changes over a given period of time were modeled by estimating an equivalent magnetic 143 dipole. As shown in Fig. 4 , four periods were selected (prd.1∼4) in consideration of the data gaps and the 144 change in variation rates, where the position and the moment of the magnetic dipole, which were estimated 145 in each period by a grid search, were taken as unknowns. The grids of the position were set with intervals of 146 25 m around the Shin-dake crater, and those of the magnetic moment was set with every an exponent of 1.25
147
Tm 3 , respectively. The direction of magnetization was assumed to be parallel to the current geomagnetic 148 field at Kuchi-erabu-jima (inclination of 43 • and declination of -6 • ).
149
Since there is a limited number of observation sites, a set of optimum parameters was estimated to mea-150 sure their diversity by applying a bootstrap method (e.g. Efron and Tibshirani, 1993) . The brief description 151 of the method we used is as follows. At first, model parameters that minimize the sum of the squared resid-152 uals at the observation sites are searched for by the grid search. Then, a resampled set of the residuals that 153 is randomly drawn from the set of the residuals allowing duplication is added to the data set in order to 154 create a synthetic data set (a bootstrap sample). The optimum parameters against the bootstrap sample are 155 searched for again by the grid search. These procedures were repeated for 200 bootstrap samples.
156
For prd.1, only the data of three observation sites are available, we imposed additional constraints on the standard deviation of each parameter estimated from 200 bootstrap samples in each period are shown in Table 2 that the changes are caused by a single dipole source.
175
If the dipole source is located at a sufficient distance, the magnetic moment is equivalent to the product 176 of the volume of a uniformly demagnetized sphere multiplied by the magnetization change (∆J). On the 177 other hand, in case of a short distance between the source and the observation site, the observed magnetic 178 changes can not be explained by using the spherical demagnetization source since the shape of the source 179 affects the resulting magnetic field. The dipole sources after prd.2 were inferred at the shallow place inside 180 the observation network (Fig. 6) , where the effect of the shape can be estimated from the data. If we assume 181 a relatively simple shape, we can estimate the demagnetized volume and can also assume certain constraints 182 regarding the magnetization changes.
183
Next, we attempted to fit the total intensity changes from prd.2 to prd.4 observed at each site to the 184 magnetic anomaly produced by a uniformly demagnetized triaxial ellipsoid (Clark et al., 1986; Sasai, 2006) .
185
Modeling by a triaxial ellipsoid was first introduced to interpret the volcanomagnetic changes observed
186
at Taal volcano, the Philippines, by Zlotnicki et al. (2009) . In this modeling, certain assumptions were To examine the validity of the estimated changes in magnetization intensity, we measured the NRM of the survey was to obtain a relationship between the demagnetized area and the resistivity structure. As 257 shown in Fig. 9 , AMT data were collected at intervals of about 500 m. The data over the frequency range 258 between 1 and 10,000 Hz were recorded for 11 hours at night by using three MTU-5A systems (Phoenix
259
Geophysics Ltd.). A special site for remote reference was not installed, although multiple sites were used 260 at the same time during the night, which allowed the researchers to reference each other.
261
Since the impedance skews were less than 0.2 at all sites for all usable data, we assumed that the suggesting that the presence of resistivity contrasts along the profile, and a conductive region is expected 268 around the summit area. This feature is also seen at lower frequencies. Considering that the volcano has the 269 summit craters aligned along the N-S direction, N13 • E was assumed as the strike direction in this study.
270
A 2-D inversion (Ogawa and Uchida, 1996) was applied to the data set corresponding to the direction 271 which is nearly perpendicular to the estimated strike direction (Fig. 9 ). Static shift was not corrected; 272 instead, it was included as an inversion parameter. We used only the TM-mode apparent resistivity and 273 phase data for the inversion. Since Kuchi-erabu-jima is an island surrounded by the sea, we also included , 2007) , and the age of Furu-dake lava has been estimated in the range between 11,000 288 and 3,000 years before present by using tephrochronology (Geshi and Kobayashi, 2006 between 11,000 and 5,000 years ago at the summit area, after which Younger Furu-dake emerged to fill the 304 collapsed edifice. After Furu-dake collapsed again to the northwest between 3,000 and 1,000 years ago,
305
Shin-dake evolved from the exposed flank of Older Furu-dake. The remained rims of the slope failures are 306 shown in Fig. 1 between Shin-dake / Younger Furu-dake and Older Furu-dake.
309
Regarding the reason why the edifice of Older Furu-dake is conductive, we consider two possibilities.
310
One is that the upper part of HCb in Fig. 10 is composed of the brecciated and altered clay-rich rocks 
317
In Kuchi-erabu-jima, groundwater is abundant within the massif. As seepage of groundwater can be boundary of HCb, and the dipole source for prd.1 is around the bottom of HCb (Fig. 6 ). Hydrothermal 327 fluids are likely to be related to the mechanism of the thermal demagnetization process.
328
A somewhat resistive layer of less than 100 Ωm is seen below HCb. We tested the sensitivity of the 329 central part of this layer by changing the resistivity value to 1 Ωm. As a result, most of the observed data 330 were unaffected by this modification, and the consequent RMS misfit of 0.98 was slightly larger than that 331 of the final model (Fig. 10) . Therefore, we regard this resistive layer as less sensitive and do not discuss it 332 in this study. 
Discussion
334
Our results indicate that the demagnetization center after 2003 is located above the widely spread con-335 ductor (HCb in Fig. 10 ). We discuss the source location and the mechanism of demagnetization with 336 seismological, geodetic, and geochemical data. 
Seismological data
Seismic activity has been monitored since 1991, when a seismometer was installed at the western flank at the same time.
352
The hypocenters of the HF events were located beneath the area around the Shin-dake crater at around 
Geodetic data
380
Global Positioning System (GPS) surveys have been repeatedly conducted since 1996 and have detected 381 the radial pattern of horizontal displacements around the Shin-dake crater, which indicates inflation within 382 the volcano (Iguchi et al., 2002) . The inflation has been interpreted by using a point source model, and the Shin-dake crater is characterized by extremely high temperatures.
Thermal demagnetization process
432
A conceptual model of thermal demagnetization is shown in Fig. 13 were determined to be around sea level. The ascent path was rather narrow and had been maintained 438 since the 1980 eruption due to the fact that fumarolic activity was intermittently observed. 4. Rapid heating occurring as a result of the increase of the gas flux from the deep-seated magma, and 451 the diffusion of heat through the groundwater was repeated. As a result, the high-temperature zone,
452
which was determined as the demagnetized zone, was expanded, and inflation was repeated since HCa 453 containing clay-rich materials located above the aquifer acts as a cap. The volcanic gases continued 454 to ascend by expanding the pathway connected to the fumaroles, which was observed in the form of 455 shallow earthquakes beneath the crater and intense fumarolic activity. 
464
We conducted an audio-frequency magnetotelluric survey to reveal the shallow resistivity structure be- high-temperature volcanic gases were temporarily accumulated since the low-permeability layer blocked the ascent. It is considered that after 2003, a large flux of high-temperature gases was able to penetrate 471 the low-permeability conductive layer and to reach the aquifer, which was most likely formed around the 472 upper boundary of the conductor. In addition, it was assumed that the heat was efficiently transported to 473 the surrounding rocks through the groundwater in that region, and as a result thermal demagnetization was 474 observed.
475
The increase of the magmatic gas flux caused a repeated and extensive thermal demagnetization, as well 476 as ground deformation. The thermal and mechanical energy accumulated beneath the shallow conductor.
477
The accumulated energy was released by discharges of the volcanic gases through the fumaroles, thereby high-temperature volcanic gas Table 3 : Estimated parameters of uniformly magnetized ellipsoid, where a, b, and c denote the respective half-axis lengths in northward, eastward, and downward directions in units of meters. ∆J indicates magnetization intensity change in units of A/m, and R is the residual calculated as √ ∑ (obs. − cal.) 2 where obs. and cal. denote observed and calculated amounts of magnetic variation at a given site, respectively. Center of the ellipsoid was estimated to be located at (0, -20, -300) throughout all periods (Fig. 6 ).
prd. a b c ∆J R 2 40 80 140 -1.8 1.37 2-4 100 120 140 -1.9 0.857
